Introduction
All microextraction techniques that use polydimethylsiloxane (PDMS) as the extraction phase are based on the partition equilibrium of the analyte between PDMS and water and allow other sample preparation steps, such as sample cleanup, analyte preconcentration and isolation, to be integrated within a single stage. 1 Microextraction techniques have undergone a marked development in recent years following the development of solid phase microextraction (SPME) 2 as well as the latest advances in polymer-phase microextraction using stir bar sorptive extraction (SBSE), 3 thin film microextraction, 1 stir membrane extraction 4 and rotating disk sorptive extraction. [5] [6] [7] [8] [9] [10] Improvements have focused on increasing the recovery of the analyte on the PDMS phase, achieving higher mass transfer rates and providing greater durability of the extraction phase. It has been observed that an increase in the volume of PDMS broadens the range of organic compounds that can be concentrated in PDMS; 11 for instance, in SBSE, compounds with KOW over 500 can be extracted quantitatively. Furthermore, mass transfer into PDMS can be improved by both increasing the surface area of the phase and stirring the device at much higher rotational speeds. In addition, the durability of the PDMS phase can be extended by avoiding its permanent contact with the walls of the extraction vial. [5] [6] [7] The use of other phases, including molecular imprinted polymers, can also be considered as an important improvement in microextraction techniques. 3, 12 All of these microextraction techniques have been used primarily with gas or liquid chromatography. To the best of our knowledge, only RDSE is directly compatible with solid phase spectrophotometry measurements in the PDMS phase because of the respective geometries of the spectrophotometer and the PDMS phase. In this context, RDSE methods have been described for solvent-free determination of the organic dyes malachite green 6 and crystal violet. 10 In this study, a new application of the RDSE technique was developed for the determination of trace metals using organic reagents to form uncharged colored complexes, which can be concentrated by extraction into PDMS, and for the subsequent measurement by solid phase spectrophotometry in the PDMS phase without the use of any organic solvents. In this case, the analytical model was the copper-diethyldithiocarbamate system used to determine traces of copper in water samples.
This study demonstrates the first use of polydimethylsiloxane (PDMS) immobilized on a rotating disk for the extraction of copper from aqueous matrices and its subsequent direct determination by solid phase UV-Visible spectrophotometry. To accomplish the solid-phase extraction and the direct solvent-free spectrophotometric measurement, sodium diethyldithiocarbamate (NaDDTC) was used as an analytical reagent to form the uncharged chromophore complex Cu(DDTC)2, which absorbs at 432 nm. Different physicochemical conditions (pH, temperature, reagent concentration, chemical modifiers) and hydrodynamic factors (rotation velocity, extraction time, sample volume) were optimized. Under the optimized conditions, extraction equilibrium times of 30, 53 and 90 min were obtained for 100, 500 and 1000 mL of sample, respectively, with preconcentration factors of 286, 712 and 1284, respectively. The methodology was precise (repeatability and reproducibility of 7.2 and 8.4%, respectively, as relative standard deviation) and accurate (recovery of 96.7%) when analyzing a multielement certified reference standard. The latter study also confirmed the high selectivity of the extraction and determination of the copper chromophore over other metal ions. The obtained limits of detection and quantification reached values lower than 12 μg L -1 , which can be reduced further by increasing the sample volume. Accuracy was also assessed using both recovery tests on drinking water matrices (95.5% recovery) and comparison with results obtained by an independent method using inductively coupled plasma-optical emission spectroscopy (ICP-OES); no significant differences were observed.
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Notes
Diethyldithiocarbamate (DDTC) is an organic reagent widely used in analytical determinations of trace metals. [13] [14] [15] [16] [17] When DDTC reacts with copper, the complex Cu(DDTC)2 is formed, which is an uncharged complex with a square-planar geometry that can be extracted into PDMS due to the absence of charge. The main advantage of this new method over existing methodologies is that it is the only one that achieves very low detection limits for determination of copper in water without using organic solvents in the sample preparation process.
Experimental

Reagents
All reagents were of analytical grade, and the solutions were prepared with high-purity water from a Millipore Milli-Q PLUS ultrapure water system (Billerica, MA). A commercial standard solution of 1000 mg L -1 Cu(II) was purchased from Merck (Darmstadt, Germany).
An aqueous 1.0 mol L -1 sodium diethyldithiocarbamate (Merck) solution was prepared. Lower concentrations of the analyte and the reagent were prepared by dilution. A 1.0 mol L -1 phosphate buffer was used to adjust the pH to 9. A QCS-19 High Purity Control Standard (Charleston, SC) was used to validate the method. This standard contained Sb, As, Be, Cd, Ca, Cr, Co, Cu, Fe, Pb, Mg, Mn, Mo, Se, Tl, Ti, V, Zn, Ni (all at a concentration of 100 mg L -1 ) and a trace of HF in 4% HNO3 v/v. All solutions were kept refrigerated at 2 -6 C. Sodium chloride and sodium sulfate (Merck) were used in salting-out experiments. The polydimethylsiloxane (PDMS) phase was prepared from a Sylgard 184 silicone elastomer kit (Dow Corning Co., MI) according to the manufacturer's recommendations.
Instrumental
All absorbance measurements were performed using a Unicam UV/Vis spectrophotometer UV2 (Cambridge, UK). A WTW Model pMX 3000 pH meter (Weilheim, Germany) with a combination glass electrode was used for pH determinations. A Heildolph MR 3002 magnetic stirrer (Schwabach, Germany) with speed and heating control was used for extraction of the Cu(DDTC)2 complex. The optimizations of variables using an experimental design factorial were carried out with Statgraphics Plus Version 5.1 software.
Preparation of the rotating disks
The extraction device used in this study ( Fig. 1 ) was a Teflon disk into which a miniature magnetic stirring bar (Teflon-coated Micro Stir bar from VWR International, Inc.) had been embedded. A film of PDMS was then attached to one side of the disk with double-sided adhesive tape.
The PDMS films were prepared as follows. The base to catalyst mix ratio was 10:1 (w/w), and the cure time at room temperature was 48 h. Before curing, the gel solution was poured into circular molds (2 mm deep × 1.5 cm in diameter), and films were stored in a vacuum desiccator for 48 h for PDMS gelation. The thickness of the PDMS disk can be modified depending on the depth of the mold into which the solution has been poured. In the current application, the volume of PDMS fixed on the rotating disk was 350 μL.
Extraction and quantification procedure
A 100-mL aliquot of a water sample (or standard) containing Cu(II) from 11 to 100 μg L -1 was poured into a beaker. Then, 1 mL of phosphate buffer solution (pH 9) and 1 mL of DDTC solution were added. The rotating disk containing the PDMS phase was placed inside the beaker, and the disk was rotated at 1000 rpm for 30 min at 90 C. After extraction, the PDMS film was detached from the disk, and it was placed into a specially designed PDMS film framed holder. The holder was then inserted into the light path of the UV-Vis spectrometer. Absorbance measurements were performed at 432 nm against a PDMS blank phase located in a second PDMS film framed holder (Fig. 2) . Note: if a sample volume of 500 or 1000 mL is used, the extraction time used should be increased to 53 or 90 min, respectively, while the reagent and buffer volumes should be increased proportionally.
Real sample analysis
Aliquots of tap water samples were analyzed using the RDSE approach described here. The water samples were stored in 3 L amber glass bottles at 4 C until analysis. Sample aliquots of 100 mL were extracted in triplicate and measured by solid phase spectrophotometry following our given procedure. Comparison of the results with ICP-OES was performed when the samples were analyzed in a private laboratory accredited under the ISO 17025 standard.
Results and Discussion
The reaction between copper and sodium diethyldithiocarbamate has been used in the determination of copper in diverse matrices. [13] [14] [15] [16] [17] The complex formed in ammoniacal media is the yellow complex copper(II) bisdiethyldithiocarbamate. Despite the reaction of a number of other metal ions with DDTC, the determination is selective for copper mainly because the absorption band of the copper complex does not overlap the absorption bands of other metal-DDTC complexes. In traditional analytical methods, sensitivity is increased by extracting the complex into an organic solvent prior to the absorbance measurement.
In the present case, a greener, solvent-free methodology is proposed using the same copper complex, but in which the extraction is performed in a renewable polymeric phase (PDMS) immobilized in a rotating disk. This RDSE configuration provides efficient mass transport of the analyte from the sample to the extraction phase mainly due to the fast rotation and large surface area provided by the extraction device. A multivariate methodology was followed to optimize the extraction process with respect to two factor groups.
Effects of temperature and pH of the extraction media
The effects of temperature and pH of the extraction media on the response were studied using a factorial design of 2K levels, where K is the number of factors. Figure 3 shows that both factors are significant and that the response increases with increasing temperature and pH. An increase in extraction temperature results in a higher diffusion coefficient. As a result, the rate of transfer of the complex from the water to the solid phase was greater. 6 Increasing temperature resulted in higher sensitivity of the method; however, temperatures higher than 90 C were discarded because vapor bubbles that formed on the phase surface prevented mass transfer of the analyte. 6 This study shows that the optimum pH value is 9.4. At this pH, the neutral complex Cu(DDTC)2 is more stable than Cu(OH)2, and it can be extracted into PDMS. At pH values greater than 9.4, the hydrolysis of copper is important, and in acidic media, DDTC is unstable; 18 consequently, in both of these latter cases, the signal decreased. In choosing a working pH of 9, we also considered the effect of pH on the stability of PDMS. 19 
Effect of salting out, rotation velocity and DDTC concentration
The effects of salt addition, rotation velocity of the disk and reagent concentration were evaluated simultaneously using a factorial design of 2 3 levels. The addition of salt shows a negative effect on the response; the complex is most likely sufficiently hydrophobic to be extracted into PDMS. In this context, salt addition increases the viscosity of the sample, thereby reducing the rate of mass transfer through the interface. [20] [21] [22] On the other hand, the rotation velocity of the disk favors mass transfer of the analyte; the optimum rotation velocity was 1000 rpm. Higher rotation velocities increased the vortex formation, which in turn increased the size and number of bubbles formed at 90 C. 19, 23 It is known that the reaction between DDTC and copper gives rise to the neutral complex Cu(DDTC)2. Optimization of the DDTC concentration showed that this factor had a positive but insignificant effect. This is because there were no interfering ions present when the optimization study was performed. Accordingly, a concentration of 1 × 10 -3 M DDTC was sufficient for the analytical determination of copper in the absence of other possible interferences. However, it is well known that, under certain conditions, trace elements such as Co, Cd, Ni, Fe, and Zn can react with DDTC, thereby consuming part of the reagent, 16, 24 despite the fact that their complexes absorb at wavelengths different from that of the copper complex. Consequently, we opted to use the reagent at a higher concentration of 0.1 mol L -1 to ensure complete formation of the copper complex in real samples (Table 1) .
Equilibrium time
Considering that the extraction efficiency is driven by the partition of the copper complex between the water sample and the PDMS phase, the equilibrium time was determined by performing the extraction under the optimized conditions. The equilibrium time increased with greater sample volumes. The equilibrium times obtained were 30, 53 and 90 min for 100, 500 and 1000 mL samples, respectively. The decrease in equilibrium time at lower sample volumes is mainly due to the contact between the analyte and the solid phase surface being favored when the sample volume is decreased. This effect has a double implication from an analytical perspective: rapidity of the determination is increased when the sample volume decreases; however, sensitivity decreases because the mass of the analyte, and consequently, the preconcentration factor, is lowered.
It was observed that when 100 mL of sample was analyzed, the extraction of the complex into PDMS was quantitative, providing a preconcentration factor of 286. However, when higher sample volumes were used, part of the copper was not extracted and remained in the aqueous phase according to the partition equilibrium theory.
Analytical features
The calibration curve was obtained by triplicate evaluation of different concentrations (between 20 and 100 μg L -1 ) of Cu(II) in 100 mL of water pre-concentrated into the PDMS rotating disk. The resulting calibration equation was:
where A is the absorbance in the solid phase (milliunits), and [Cu] the analyte concentration in μg L -1 in the water phase. The accuracy and precision of the method were determined through the analysis of five tap water samples spiked with 25 μg L -1 copper. The samples were processed simultaneously according to the procedure given above, using one rotating disk for each sample. The recovery was found to be 95.5%, with a relative standard deviation (RSD) of 8.4%. The RSD was reduced to 7.2% when the same PDMS phase was used for all the determinations. This required the copper complex to be eluted from the PDMS with methanol after each determination. The copper concentration determined in this drinking water sample was 150 ± 5 ng L -1 , similar to that found by ICP-OES (145 ± 7 ng L -1 ) when the samples were analyzed in a private laboratory accredited under the ISO 17025 standard. The limit of detection (LOD) and the limit of quantification (LOQ) (for a 100-mL sample volume) were determined according to the IUPAC criterion (3σ-and 10σ-criterion, respectively), yielding 3.3 and 11.1 μg L -1 copper, respectively. The LOD could be decreased by increasing the sample volume that was subjected to extraction. Table 2 shows the increment of both preconcentration factor and sensitivity of the method when the sample volume is increased, and it also shows the lower LOD achieved when sample volume was increased. According to current regulations, a sample volume of 100 mL is quite sufficient for the determination of copper in drinking waters.
The accuracy and selectivity of the method were further assessed by analyzing the quality control standard sample (QCS-19), which was diluted to 25 μg L -1 copper (and the same concentration of other potential interferences). The recovery obtained for the analyte was 95.7% with a RSD of 2.9%, which indicates that, together with the analyses of drinking water, other ions present in the solution (QCS-19) did not interfere in the determination.
Conclusions
The extraction/preconcentration of copper as the complex Cu(DDTC)2 into PDMS immobilized on the surface of a rotating disk was demonstrated. The technique is solvent free, allowing for direct determination by solid phase spectrophotometry. The high rotation velocity of the disk enabled a rapid analyte mass transfer, allowing for quantitative extraction in 30 min for a sample volume of 100 mL.
The method is sufficiently sensitive and selective for the determination of copper in tap water, with a LOD of 3.3 μg L -1 , which can be decreased if a larger sample volume is used.
Note that, along with the operational advantages provided by the rotating disk configuration, the reuse of the PDMS film is possible after desorption of the retained Cu(DDTC)2 complex with methanol. Similarly, the replacement of the supported PDMS is also simple, allowing for cost reductions compared to other microextraction techniques. 
